Study design Psychometric study. Objective To validate the GRASSP in pediatric SCI populations and establish the lower age of test administration. Setting United States: Pennsylvania, Maryland, Illinois, Michigan, California, Texas. Methods Mean, SD and range of scores were calculated and examined for known-group differences. Test-retest reliability was measured by the intra-class correlation, concurrent validity of the GRASSP against the SCIM, SCIM-SS, and the CUE-Q was measured by the Spearman correlation. Results GRASSP scores differed between participants with motor complete and incomplete injuries (p = <0.0001−0.036). Test-retest reliability was strong (ICC = 0.99). Weak correlation with the total SCIM (r = 0.33−0.66), and moderate to strong correlation with the SCIM-SC (r = 37−0.70) and CUE-Q (r = 0.40−0.84). Conclusion Results support the validity of the GRASSP and provide evidence that the scores are reliable when administered to children. The GRASSP sensory and strength subtests are recommended for children beginning at 6 years of age, and the GRASSP prehension performance/ability subtest for children beginning at 8 years of age. Normative data are needed for the performance components of the GRASSP.
Introduction
The Graded Redefined Assessment of Strength, Sensibility and Prehension (GRASSP) was developed to address the void in the availability of SCI measures that detect subtle and important changes in sensation and motor impairments and functional capacity of the hand [1] . The GRASSP uses well-established methods to evaluate dorsal and palmar sensation [2] and manual muscle strength [3] . The GRASSP prehension domain scores the ability to generate three common grasp patterns (key, palmar, tip-to-tip) and draws upon concepts from other prehension performancebased measures designed for persons with tetraplegia [4] . Psychometric properties of the GRASSP with adult samples are strong, with moderate-to-high inter-and intra-rater reliability and good concurrent validity with the Spinal Cord Independence Measure (SCIM)-III [5, 6] . The GRASSP also discriminates across neurological levels of known differences with a high degree of reliability [6] , can be used to predict neurological recovery [7, 8] , and is able to detect small but meaningful changes as a result of recovery and intervention [9, 10] . The strong psychometric properties of the GRASSP have led to its increasing acceptance in clinical practice and use in clinical trials to evaluate primary endpoints related to hand function [11] [12] [13] [14] .
Studies to establish and validate meaningful and responsive outcome instruments are paramount to research and practice, although efforts such as the development of the GRASSP often neglect the pediatric SCI population. For example, although cervical spinal cord injuries (cSCI) in children and adults result in similar upper extremity impairments [15] , and even though children and adults receive similar interventions to improve hand function [16] [17] [18] [19] , the psychometric properties of the GRASSP have not been established in youth with SCI [5] . Given the strong psychometric properties in adult samples and its increase use in cSCI clinical trials, it is important to evaluate the GRASSP in children with cSCI. With established psychometric properties of the GRASSP, potential barriers to children's participation in clinical trials associated with measurement could be reduced and practice patterns associated with the use of outcomes instruments that have little or no psychometric support in children could be addressed. Thus, the purpose of this study was threefold. The first purpose was to determine the lower age in which the GRASSP has utility. Second, test-rest reliability was evaluated. Last, known-group and concurrent validity of the GRASSP was examined. We hypothesized that the GRASSP would demonstrate the following psychometric properties: (1) good known-group validity as evidenced by a statistically significant difference in mean scores among groups with known differences in hand function; (2) good test-retest reliability on repeated administration as evidenced by ICC values=>0.85, and; (3) good concurrent validity of the GRASSP subset scores when correlated with total SCIM-III, SCIM-III self-care subscale, and Capabilities of the Upper Extremity Questionnaire (CUE-Q) as evidenced by correlation coefficients = > 0.75. We hypothesized that very young children may not be able to complete the GRASSP due to inability to understand and follow test instructions, the inability to maintain attention for the duration of the test, and an inability to grasp and lift larger standardized test objects due to small hand size.
Methods

Study design
This study was part of a larger multi-center repeated measures study aimed to examine the psychometric properties of instruments used for adult SCI clinical trials in children and youths. The study was approved by each of the seven participating sites ethics/IRB committees.
Participants
A convenience sample of children with tetraplegia was recruited from 7 facilities across the United States specializing in pediatric rehabilitation and SCI care. Children were recruited at the point-of-usual, routine care for surveillance of SCI. Children were included if they were under 18 years of age, had cSCI as a result of a traumatic or non-traumatic acquired SCI with no change in neurological status for at least 3 months prior to study enrollment based on medical record documentation, and had the ability to maintain sitting balance, aided or unaided by support of a seating system or other mechanism. Children were excluded if they had no motor function except neck rotation, extension and flexion, progressive spinal cord disease, spina bifida, were in the immediate post-operative or rehabilitation phase of upper extremity tendon or nerve transfers, had a traumatic brain injury that interfered with the ability to comprehend and/or follow test instructions and directions, a suspected conversion syndrome or were suicidal. Child assent and parental consent were obtained. All applicable institutional and governmental regulations concerning the use of human participants and informed consent were followed during the course of this study.
Demographic data
A study specific case report form (CRF), using the National Institute of Neurological Disease and Stroke (NINDS) common data elements (CDE) [20] was used to record month and year of birth, gender, ethnicity, race, primary language, hand dominance, date of injury, cause of injury, type of schooling, and the child's highest education level. Demographic data were obtained from the medical record and/or through interview with the participant and/or caregiver.
Neurological data
The International Standards for Neurological Classification of SCI (ISNCSCI) [3] was used to determine severity, neurological level (NL) and American Spinal Injury Association Impairment Scale (AIS) Classification. Given that participants had to be neurologically stable for a period of three months, we obtained the ISNCSCI information from the medical records for youth who had the examinations within a year of study, but after neurological stability was documented. If the ISNCSCI examinations were performed >12 months prior to enrollment, they were completed again for children 6 years of age and older with the ability to participate in the examinations, at the time of enrollment.
GRASSP
The GRASSP is comprised of five subtests designed to measure three integrated domains of sensorimotor function of the hand: sensibility, strength and prehension [6] . Palmar sensation and dorsal sensation are measured by conducting the Semmes Weinstein Monofilament Testing (SWM) [2] . The monofilaments are each placed at three standardized surface locations on the palmar and dorsal aspects of the hand, and grams of force are recorded on a four-point scale, where no response to filament testing = 0, response to 6.65 filament testing = 1, response to filament testing 4.56 = 2, response to filament testing 4.31 = 3, and response to filament testing 3.61 = 4. Test locations are scored for both the palmar and dorsal aspects of both the left and right hands. Scores from the right and left dorsal and palmar locations are summed, to yield dorsal and palmar sensation subtest scores respectively, each ranging between 0 and 12.
The strength of 10 muscles in each arm is evaluated using standard manual muscle testing techniques, and scored using a traditional scale between 0 (flaccid, no movement) and 5 (full range of motion, with maximal resistance for age). The scores of the ten muscles are summed for each arm, yielding a total strength score between 0 and 50 for each limb. For this study, the amount of resistance applied during manual muscle testing of young children was less than what is typically applied when testing adults, considering the age, growth, and development of the children.
The prehension domain encompasses both ability and performance. Prehension ability (qualitative) measures the ability to generate a cylindrical grasp, and key and tip-to-tip pinch. Ability is observed, and scored on a scale between 0 (no ability to use wrist, thumb, fingers) to 4 (able to maintain wrist stability and utilize finger and thumb). The ability scores of each pattern are summed to yield a subtest prehension ability score for the right and left hands, with the total possible score for each hand=12. The test for prehension performance (quantitative) involves performance of six unilateral tasks. Each task is scored on a scale between 0 (unable) to 5 (fully able), with a total possible score of 30 for each hand. A time limit for each item is set (75 s). The scores from each GRASSP subtest are interpreted separately. A total GRASSP score is not calculated [6] , but domains are unilaterally added for a total right score and total left score.
The GRASSP was administered twice by a trained physical or occupational therapist within 24 h, with at least one hour between the first and second administration. The 24-h time frame was chosen to accommodate participants' schedules and to reduce the risk of missing the second administration. Scores were recorded on the GRASSP standardized scoring sheet. During GRASSP administration, adaptive equipment, functional hand splints, orthoses and neuroprostheses were not used. Any modifications or deviations from standardized GRASSP administration were recorded, and comments about challenges with data collection were noted, where applicable.
Spinal Cord Independence Measure-III (SCIM-III)
The SCIM-III [21] is a 19-item disease specific scale that measures daily activities of high relevance to persons with SCI. The SCIM-III generates a total score between 0 and 100, where higher scores reflect greater level of physical function, and scores for three subscales are obtained: self care (score range between 0 and 20), respiration and sphincter (score range between 0-40), and mobility (inroom mobility score range between 0 and 10; indooroutdoor mobility score range between 0 and 30). Psychometric properties of the SCIM-III in children are strong [22] . We administered the SCIM-III to children using a combination of observation and interview; if needed, parents assisted in the interview. The SCIM-III total and self care subscales were used as comparator scores, as previously done to establish concurrent validity of the GRASSP in adults [5] .
Capabilities of the Upper Extremity Questionnaire (CUE-Q)
The Capabilities of Upper Extremity-Questionnaire version 2.1 (CUE-Q) is a 17-item scale that is used to evaluate perceived difficulties or limitations associated with using the upper limbs to complete everyday activities [23] . The right and left limbs are evaluated and scored separately on a scale ranging between 0 (unable/complete difficulty) to 4 (no difficulty). The CUE-Q was used as a comparator measure to establish validity, as done to establish validity of the GRASSP with the adult sample [5] . In adult studies, the CUE-Q version 2.1 has strong concurrent validity (FIM Instrument ® and ISNCSCI upper extremity motor score) and is responsive to change over time [23] . There are no previous pediatric studies on the CUE-Q.
Investigator and rater training
A two-day meeting, prior to the start of data collection was conducted at the lead site for all site investigators and site coordinators. During this meeting, site coordinators were trained in the study data collection, data management and data transmission protocols. To ensure fidelity in administration, scoring and interpretation, each site was provided with on-site training by the GRASSP developer, and was provided with the GRASSP version 1.0 tool kit which contains a comprehensive manual with test instructions and video demonstrations. Each research coordinator was also provided with a study procedural manual which contained standardized CRFs for recording data, and study specific procedural guidelines including those for de-identifying and transmission of data to the lead site. During the period of open enrollment and data collection, bimonthly team meetings were conducted via teleconference to discuss enrollment, study procedures, and to answer questions and provide clarity on data collection, management or other issues.
Data collection and management procedures
Using site and participant specific unique identification numbers, data were de-identified prior to transmission to the lead site. Once received by the lead site, the study coordinator reviewed data for completeness and quality. If data were incomplete or if quality was poor, they were returned to the originating site with questions about accuracy and completeness. Following quality review, data were entered into a secure study specific database.
Analysis
Mean, standard deviation (SD), and range (R) values were calculated for each GRASSP subtest score for both the right and the left hands for the entire sample and as a function of AIS, age groups (3-5; 6-12; 13-15; 16-17), and level of injury. Results of the entire sample were examined with reference to published results in adults [5] . Differences in GRASSP subtest scores between motor complete (AIS A+B) and motor incomplete (AIS C+D) categories were examined for evidence of known-group validity using ANOVA on ranks. We examined construct validity by evaluating the association between hand strength and prehension performance using a Pearson correlation coefficient (r). Concurrent validity was assessed by the Spearman rank correlation coefficient (r s ) of the bilateral summations of the GRASSP subtest scores for strength, sensation, and prehension performance against the SCIM-III total score, SCIM-III SC subscale score, and the CUE-Q total scores respectively. Results of the analyses were examined with reference to published studies in adults [5] .
Intra-class correlations (ICC [2, 1] ) with 95% confidence intervals (CI) were calculated to examine test-retest reliability of GRASSP subtest scores for each upper limb. Testretest reliability was also examined for each age group, AIS classification, and NL groups.
The lower age limit in which each GRASSP subtest has utility was established by both qualitative and quantitative methods. Individual screen failures and participants in the youngest age group (3-5) were further analyzed by age. The proportion of individuals able to complete each test was evaluated. If an individual in this age group was unable to perform an assessment, the rater's comments were examined to determine if inability was age-related. Analyses were carried out using SPSS v24.0 (IBM Corp, Armonk, NY) and SAS v9.4 (SAS Institute, Cary, NC).
Results
A total of 64 children with tetraplegia were screened for participation, and 17 were not enrolled. Reasons for exclusion included: one (6%) had a legal guardian who was unable to give consent due to not speaking and understanding English, 4 (24%) had complete injuries without any movement below the neck, 5 (29%) were unable to follow instructions due to young developmental age (18 months-5 years), and 6 (35%) declined participation. As summarized in Table 1 , the remaining 47 participants were between 3 and 17 years of age with chronic SCI. The majority of the participants were white (87%), boys (59%), and identified as non-Hispanic (81%). ISNCSCI were missing in 11 (23%) participants in trial one, and 8 (23%) participants in trial two. Of the 47 participants, 38 completed both administrations of the GRASSP. Three participants were evaluated by different raters in trial 1 and trial 2, and were therefore excluded from test-retest reliability analysis. Data on administration time were missing for three participants for trial one, and five participants for trial two. There were no differences in sample characteristics between trial one and trial two. The mean time for GRASSP completion for trial one (n = 44) and trial two (n = 33) was 38.41 (R = 14-75) and 33.85 (R = 15-55) min, respectively. Although there were no statistically significant differences in administration time across age groups, time requirements were longest for the youngest participants (mean time = 45 min).
Mean, standard deviation, and range values for each of the GRASSP sub-tests for the entire sample (N = 47) are shown in Table 2 . There were statistically significant differences between motor complete and motor incomplete groups in right hand strength (p = 0.010), right (p = 0.043) and left (p = 0.033) hand sensation, right hand ability (p = < 0.001) and performance (p = 0.01) prehension function, and left hand ability prehension function (p = 0.014) ( Table 3 , Figs. 1 and 2 ). There were no differences in GRASSP sub-scores among the age or NL groups.
As shown in Table 4 , the GRASSP strength subtest score had moderate correlation with the SCIM-III total score (r s = 0.52) and the SCIM-III SC score (r s = 0.53), and strong correlation with the CUE-Q (r s = 0.82). Total GRASSP prehension performance was strongly correlated with SCIM-III total (r s = 0.68), SCIM SC (r s = 0.70) and CUE-Q (r s = 0.84). GRASSP sensation subtest scores showed weak correlations with all comparison measures. Right and left hand sensation and strength had moderate to strong (Table 5 ). Testretest reliability for each of the GRASSP subtests was strong for both the right and left hands. ICC values for all comparisons exceeded 0.950. Similar findings of reliability were noted when examined for age, NL and AIS groups, with ICC ranging between 0.95 and 0.99 and lower confidence intervals ranging between 0.93 and 0.96. The GRASSP was administered to only a small number of participants within the youngest age group (n = 5, 11% of total sample). There were three 3 year-olds, one 4 yearold and one 5 year-old. All 3 year-olds successfully completed each GRASSP subtest, two of whom completed both trials by the same administrator. The mean time for GRASSP administration to 3 year olds was 50 (R = 30-75) min. Due to the inability to understand and follow directions, the four year-old only completed the right and left prehension ability test, and four out of the six quantitative performance tasks with the left hand. The five yearold successfully completed all subtests on each side for both trials; administration time was 50 min. The five children who failed the screening due to inability to follow directions due to age and development were 18 months and, 3, 4 (n = 2), and 5 years of age. Each of the six year-olds (n = 3) successfully completed the GRASSP, with a high degree of reliability (ICC = 0.99) and mean administration time of 38 (R = 26-60) min.
Discussion
The results of this study support the hypotheses that GRASSP scores have high test-retest reliability with repeated administration by trained raters, and, except for the sensory score, correlate well with SCIM-III and CUE-Q when administered to children. The finding of high reliability is consistent with other pediatric studies that report good reliability for manual muscle strength testing [24] , sensory testing using the Semmes-Weinstein [25] , and performance based measures [26, 27] in children.
The associations between GRASSP and SCIM-III total and SC scores, and the GRASSP and CUE-Q scores were similar to those reported in the adult literature [5] , and provide evidence of concurrent validity of the GRASSP. Compared to adults [5] , the pediatric GRASSP sensory score had lower correlation with SCIM-III total and SCIM-III SC scores, and the GRASSP strength score had lower correlation with SCIM-III SC. The smaller pediatric sample size may in part explain the weaker correlations. It is also plausible that weaker association between hand impairment (sensation and strength) and SCIM-III scores in children is a result of typical growth and development, where dependency upon parents (rather than hand function) for some activities of daily living (ADL) especially self-care is usual. Studies with larger sample sizes of young children with and without SCI are needed to examine the relationships among age, growth and development, ADL as measured by the SCIM-III and hand function as measured by the GRASSP. Nonetheless, the strong correlation between the GRASSP and CUE-Q corroborates the finding by Kalsi-Ryan [5] that the GRASSP is strongly associated with self-reported upper limb capabilities as measured by the CUE-Q. The hypothesis that the GRASSP could distinguish between and across groups with known differences was not fully supported. While we anticipated that the GRASSP would discriminate across NL groups, we did not find differences in any GRASSP scores, likely due to small sample sizes. Small sample sizes prohibited stratification of each NL group by AIS. The GRASSP did however discriminate between motor complete and motor incomplete injuries in strength, sensation, and right hand prehension ability and performance, and left hand prehension ability. Given the strong correlation between strength and performance, the finding that both left hand strength and left hand performance did not discriminate between motor complete and incomplete injuries suggests that the two groups had similar left hand impairment level, and thus one would not expect the GRASSP to discriminate. Similarly, the small sample in this study prevented further stratification into NL groups within motor complete and incomplete categories. A larger sample size would enable more discrete groupings within motor complete and incomplete categories, and likely reduce the large variability seen in our results.
The finding that the GRASSP sensation and strength subtests did not discriminate across age groups was not unanticipated, and is consistent with published psychometric studies in pediatrics that show strength and sensation can be tested in young children, with a high level of reliability. As an example, Dua et al. [25] showed that children 6 years of age were able to participate in testing of two-point discrimination with a high degree of reliability that did not change with advancing age. Auld et al. [28] . recommended use of the Semmes-Weinstein monofilaments for pediatric practice and research based on work that showed strong test-retest reliability in young children with and without cerebral palsy. Likewise, in our own work on psychometric evaluation of the motor and sensory examinations of the ISNCSCI in children with SCI, we found a high degree of reliability on repeated administrations, and no differences in scores as a function of age [24] .
Many of the more commonly used performance-based hand assessments evaluate hand dexterity and hand function by quantifying the number of objects manipulated over a certain period of time (e.g., speed, usually measured in seconds). Psychometric studies of timed-tests of hand function show that children's performance (speed) increases with advancing age, and does so linearly and incrementally with each year [29] [30] [31] . However, while the GRASSP requires manipulation of items within 75 s, it is not a timed test, but rather is scored based on the degree to which mature pinch and grasp patterns are used to manipulate objects. The 75-s limit is set as the maximum time allocated for attempting to complete the task. While in-hand manipulation skills can continue to mature until 7 years of age [32] , grasp and pinch patterns emerge between 12 months and 3 years of age, and are generally mature by six years of age [33] . Thus, differences across the three older age groups would not necessarily be expected.
While each of the GRASSP subtest was administered in this study to several children between three and five years of age, we do not recommend using them with children younger than six years old. We recommend the GRASSP sensory and strength subtests for children six years old and older, and the GRASSP prehension performance/ability subtest for children 8 years of age and older. The latter recommendation is based on normal development of intrinsic hand function and precise grasp and pinch which are not fully established until between 6 and 7 years of age [32] [33] [34] , Thus, it would not be appropriate to administer the GRASSP-an instrument that evaluates mature grasp patterns-to children who may still be developing precision and in-hand manipulation skills. Importantly, despite our recommendation of 8 years old for the GRASSP prehension subtest(s), we acknowledge that there were only two 8 year olds and two 9 years olds who participated in this study. As such, practitioners and researchers who utilize the GRASSP prehension subtest with children should evaluate reliability in their own samples. Despite the challenges of measurement and the nuances of growth and development that must be considered when working with children, the GRASSP is a clinically relevant tool, despite the modest amount of time it requires to administer. Given the lack of robust hand measures for pediatric cSCI, information gained from administration of the GRASSP may be helpful in assessing individual patterns of recovery. A pediatric version of the GRASSP would be ideal, and include reduced administration time, child-friendly objects (not glass) and considerations of the developing hand while scoring. This study has limitations. Although geographically diverse, the sample was one of convenience and not representative of the pediatric SCI population. A larger sample with adequate distribution across ages, NL and AIS categories would be ideal and enhance the strength of these conclusions.
Despite strong evidence in support of the ISNCSCI in children six years of age and older [24] , there was a relatively large number of participants without complete ISNCSCI examinations, and disallowed formal classification of NL and AIS. The majority of the ISNCSCI were missing in the youngest age group and is attributed to the inability to accurately perform the ISNCSCI in children younger than six years of age [24] . Also, if available we utilized ISNCSCI scores from the medical record if the examinations were performed within 12 months of study enrollment, but after neurological stability was documented. The rationale for the 12-month timeframe was based on usual standard of care that suggests conducting an annual neurological examination in children with SCI. Despite the chronicity of the study sample, it is possible that ISNCSCI scores obtained from the medical record were no longer accurate at the time of study enrollment. Moreover, we did not record the time between ISNCSCI examination and study enrollment, nor was obtaining the UE motor scores approved for this study. Future studies on the GRASSP would be strengthened by including these variables. The short time frame between the first and second administration could have potentially resulted in participants' recall or fatigue, both of which would influence the second administration, and the exact time between the two trials for each participant was not recorded. Most notably, the sample size was small and limited the sub-analyses that would help to establish psychometric properties of the GRASSP for various ages and for the four AIS categories. Finally, normative data for the prehension subtests are needed to aid interpretation when the GRASSP is used in children with cSCI. Responsiveness studies are needed prior to using the GRASSP in intervention studies with children. Data from this study could be used to determine sample size calculations for future work with children, which was not done for this study due to the void in pilot data or pediatric experience with the GRASSP.
Conclusion
This study has shown utility and provided initial psychometric evidence in support of the GRASSP with youth with cSCI. We recommend using the GRASSP strength and sensory subtests with children who are six years of age and older, and the GRASSP prehension performance/ability subtests with children who are 8 years of age and older. The study findings demonstrate good reliability of the GRASSP upon repeated measures by the same trained administrator. The findings also demonstrated concurrent and knowngroup validity of the GRASSP.
